A major challenge in molecular simulations is to describe denaturant-dependent folding of proteins order to make direct comparisons with in vitro experiments. We use the molecular transfer model (MTM), which is currently the only method that accomplishes this goal albeit phenomenologically, to quantitatively describe urea-dependent folding of PDZ domain, which plays a significant role in molecular recognition and signaling. Experiments show that urea-dependent unfolding rates of the PDZ2 domain exhibit a downward curvature at high urea concentrations ([C]s), which has been interpreted by invoking the presence of a sparsely populated high energy intermediate. Simulations using the MTM and a coarse-grained Self-Organized Polymer (SOP) representation of PDZ2 are used to show that the intermediate (I EQ ), which has some native-like character, is present in equilibrium both in the presence and absence of urea. The free energy profiles as a function of the structural overlap order parameter show that there are two barriers separating the folded and unfolded states. Structures of the transition state ensembles, (T SE1 separating the unfolded and I EQ and T SE2 separating I EQ and the native state), determined using the P f old method, show that T SE1 is greatly expanded while T SE2 is compact and native-like. Folding trajectories reveal that PDZ2 folds by parallel routes. In one pathway folding occurs exclusively through I 1 , which resembles I EQ . In a fraction of trajectories, constituting the second pathway, folding occurs through a combination of I 1 and a kinetic intermediate. We establish that the radius of gyration (R U g ) of the unfolded state is more compact (by ∼ 9%) under native conditions. Theory and simulations show that the decrease in R U g occurs on the time scale on the order of utmost ∼ 20 µs. The modest decrease in R U g and the rapid collapse suggest that high spatial and temporal resolution, currently beyond the scope of most small angle X-ray scattering experiments, are needed to detect compaction in finite-sized proteins. The present work further establishes that MTM is efficacious in producing nearly quantitative predictions for folding of proteins under conditions used to carry out experiments.
Introduction
The Molecular Transfer Model (MTM) 1 , based on the statistical mechanical theory of liquid mixtures 2 , is currently the only available computational method that predicts the outcomes of experiments and provides the structural basis of folding as a function of denaturants 3,4 and pH 5 . Using the MTM in conjunction with coarse-grained (CG) representation of polypeptide chains we have made quantitative predictions of the folding thermodynamics and kinetics as a function of denaturants for a number of small (protein L, cold shock protein, srcSH3 domain, and Ubiquitin) 1, 2, 4, 6 , and GFP, a large single domain proteins 3 . Because the effects of denaturants are taken into account naturally within the MTM framework 2 , albeit phenomenologically it has been possible to obtain chevron plots for src SH3 domain producing quantitative agreement with experiments for the slopes of folding and unfolding arms 7 . Although MTM can be be implemented in conjunction with atomically detailed simulations we have so far used CG models for proteins. The virtue of CG models [8] [9] [10] [11] is that they can be used to obtain both the thermodynamic and kinetic properties over a a wide range of external conditions, thus allowing us to compare with experiments directly 12 . These studies illustrate that simulations based on the MTM provide concrete predictions for in vitro experiments enabling us to go beyond generic ideas used to understand protein folding [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Here, we investigate the folding mechanism of PDZ2 domain using CG simulations within the theoretical framework of the MTM.
PDZ domains are a large family of globular proteins that mediate protein-protein interactions and play an important role in molecular recognition [24] [25] [26] . These proteins generally consist of 80−100 amino acids. PDZ2 domain has six β strands and two α helices ( Figure 1a ). The folding mechanism of PDZ2, with 94 residues, has been studied experimentally 27 using classical chemical kinetics methods. The key findings in these experiments are: (i) In urea-induced equilibrium denaturation experiments, the observed transition is cooperative, which is well described by an apparent two-state model 27, 28 .
(ii) In a majority of cases proteins that fold thermodynamically in a two-state manner also exhibit a similar behavior kinetically in ensemble experiments. However, urea-dependent unfolding rates exhibit a downward curvature at high urea concentrations at pH [33] [34] [35] [36] , is nevertheless a limitation of the model.
The energy (to be interpreted as an effective free energy obtained by integrating over solvent (water) degrees of freedom) of a conformation, describing the intra peptide interactions, is
The finite extensible nonlinear elastic potential (FENE), V F EN E , accounting for the chain connectivity between backbones and side chains, is,
The non-bonded native interaction, V 
In Eqs. 2 and 3 the superscript o refers to distances in the native state. If the distance between two non-covalently linked beads, r ij (|i − j| ≥ 3) in the PDB structure is within a cutoff distance R c , a native contact is formed, and correspondingly ∆ ij = 1. If r ij exceeds R c then ∆ ij = 0. The strengths of the non-bonded interactions e bb , e ss , e bs are assumed to be uniform.
The Betancourt−Thirumalai (BT) 37 statistical potential matrix with elements ij , is used to explicitly treat the sequence dependence.
We used repulsive interactions for excluded volume effects between neighboring beads with strength e l . The ranges of repulsion are σ bb , σ i,j ss , σ j bs for bb, ss and bs interactions respectively.
The form of V N EI is
e l σ j bs r i,j bs
To prevent interchain crossing, we choose σ bb = a = 3.8Å (a is average distance between neighboring C α atoms), σ i,j ss = f (σ i + σ j ) (σ i , σ j are the van der Waals radii of the side chains and f = 0.5), σ j bs = f (a + σ j ).
The non-bonded nonnative interactions are given by
e l σ i,j ss r i,j ss
Besides the knowledge-based BT statistical potential, the SOP-SC energy function E P ({r i }) has seven parameters: In the MTM, the free energy of transferring a given protein conformation, described by {r i } from water ([C]=0) to aqueous denaturant solution ([C] =0), is approximated as,
where the sum is over backbone and side chain, δg(i, [C] ) is the experimentally measured transfer free energy of group i, α i is the solvent accessible surface area (SASA), and α Gly−i−Gly is the SASA of the i th group in the tripeptide Gly − i − Gly. Thus, the effective free energy function for a protein at [C] =0 is
For computational expediency we combined converged simulations at finite temperature using E P ({r i }) and computed the partition function at [C] =0 to obtain thermodynamic properties using a weighted histogram analysis method, which takes into account the effects of ∆G(
Such an approximation, whose validity for obtaining thermodynamic properties has been previously established 7 , is used to obtain thermodynamic properties.
Langevin and Brownian Dynamics Simulations:
We assume that the dynamics of the protein is governed by the Langevin equation, which includes a damping term with a friction coefficient ζ, and a Gaussian random force Γ. The equation of motion for a generalized coordinate r i is mr i = −ζṙ i + F c + Γ where m is the mass of a bead,
, is the conformational force calculated using Eq. (1), Γ is the random force with a white noise spectrum.
The autocorrelation function for Γ(t) in the discretized form is < Γ(t)Γ(t + nh) >= To obtain enhanced sampling, we used the Replica Exchange Molecular Dynamics (REMD) [40] [41] [42] [43] to perform thermodynamics sampling using a low friction coefficient ζ = 0.05m/τ L 44 , which allows us to accurately calculate the equilibrium properties. Rapid convergence of thermodynamics is possible at a small ζ (under damped limit) because the polypeptide chain makes frequent transitions between all accessible states. In the low ζ limit limit, we used the Verlet leap-frog algorithm to integrate the equations of motion. The velocity at time t + h/2
and the position at time t + h of a bead are given by,
In order to simulate the kinetics of folding, ζ is set to be 50m/τ L , which approximately corresponds to the value in water and represents the over damped limit 39 . In the high ζ value, we use the Brownian dynamics algorithm 45 , which allows us to integrate equations of motion using
Time Scales: The natural unit of time for over damped condition at the transition tem- 
In Eq.(11), Θ(x) is the Heavyside function. If
, there is a contact. The number of contacts in the k th conformation is N k , and N T is the total number in the folded state.
Results
Thermal Denaturation:: The temperature dependence of the heat capacity,
, where < E > and < E 2 > are the mean and mean square averages of the energy, respectively, demonstrates that PDZ2 folds cooperatively in a two-state manner ( Figure   1b ). The melting temperature, identified with the peak in C v (T ), is T m = 324K. The value of T m obtained in our simulations is in excellent agreement with the experimentally measured
In Chemical Denaturation: Following our previous studies 1,3,7 , we choose a simulation temperature, T s , at which the calculated free energy difference between the native state (N) and (see Figure 6D in 28 ).
The native state stability with respect to U, 
Structures of the transition state ensembles (T SE1 and T SE2):
We identified the transition state structures using the folding trajectories generated at T m . We picked the putative transition state from the barrier regions of the free energy profile as a function of χ, using the conditions 0.815 < χ < 0.835 for T SE1 and 0.63 < χ < 0.65 for T SE2, which are represented as shaded areas in Figure 1c . Starting from these structures, we calculated the commitment probability, P f old , of reaching the N BA 48 . The sets of structures with 0.4 P f old 0.6 are identified as the transition state ensemble. The characteristics of the two transition state ensembles are displayed in Figure 5a and the distribution of the structural order parameter P (χ) of the T SE1 along with the contact map are shown in Figure 5b and Figure 5c , respectively.
Distribution of P (χ) and the structural details for T SE2 are shown in Figures 5d and 5e, respectively.
The characteristics of the TSEs are experimentally described using the Tanford β parameter. The structural details are revealed in Figure 5c , which shows the contact map for T SE1. It is clear that relative to the native state (top half in Figure 5c ) the extent to which the structure is ordered in T SE1 is modest (green) to low (blue). The contacts between β strands 1 − 6 − 4 have low formation probabilities as indicated by the two black circled regions. The secondary structures, β 23 and two helices, are ordered to a greater extent. A representative structure for T SE1 displayed on the left of Figure 5a shows that the structure is expanded. Only β 23 and the two helices have relatively high formation probability.
The contact map for T SE2 (Figure 5e) shows that the formation probabilities of contacts even between residues that are distant in sequence are high, which results in the ensemble of TSE2 structures being compact. The major blue region in the contact map indicates that β 16 is still largely unstructured. Four superimposed representative structures from T SE2 are shown on the right of Figure 5a . The structures are native-like except that β strand 1 is not as well packed as in the native state. The lack of stabilizing interactions in β 16 found in our simulations disagrees with the inferences from the all atom molecular dynamics simulations using measured Φ values as constraints 29 (see below for additional discussion).
Folding and collapse kinetics:
We calculated the collapse and folding rates at zero urea concentration from the folding trajectories , which were generated from Brownian dynamics simulations 39 . From 93 folding trajectories, the fraction of unfolded molecules at time t, is computed using P u (t) = 1 − t 0 P f p (s)ds, where P f p (s) is the distribution of first passage times.
We fit P u (t) = e −tk f ( Figure 6a ) with k f = 172s −1 , a value that is about 60 times larger than found in the experiments (2.8 Structures of I 1 and I 2 are displayed in Figure 7e .
I EQ and I 1 are structurally similar: To illustrate the structural similarity between I EQ , identified in the free energy profiles (Figures 1 and 4) , and I 1 in 100% of the kinetic folding trajectories, and I 2 sampled in some of the folding trajectories, we computed the average fraction of native contacts formed by every residue, f Q , for the three states (Figures 8a and 8b) . The correlation between I EQ and I 1 , shown in Figure 8c , is very high (R=0.995). Therefore, we surmise that I 1 and I EQ are structurally identical. Quantitative results in Figures 8b and 8d and sample structures (Figure 8e) show that the structure of I 2 differs from I EQ . Taken together these results show that both thermodynamic and kinetic intermediates can be sampled during the folding process although the former is far more prevalent. Two aspects of these findings, which are of general validity for folding, are worth pointing out.
(i) Both I 1 and I 2 form on the time scale of collapse. In those trajectories in which I 2 forms there frequent transitions between I 2 and I 1 (see Figure 7 ). In the process of making such transitions PDZ2 undergoes considerable expansion.
(ii) The intermediates, I EQ and I 1 , are compact and contain native-like features. The major difference between I 1 and the folded state is in the extent of structure in β 1 , β 4 , and β 6 as well as α 2 . The structure of I 1 is similar to that found in T SE1, which follows from the Hammond postulate. These intermediates, which are like MECS (minimum energy compact structures) 49 facilitate rapid folding. Although they are difficult to detect in ensemble experiments, single molecule pulling experiments using cycles of force increase and force quench can be used to detect MECS as has been done for Ubiquitin 50 .
It would be interesting to do similar experiments on PDZ2 to directly observe I 1 and I 2 using force as a perturbation. is no evidence for polypeptide chain collapse, which is manifestly unphysical. The arguments in favor of collapse preceding folding is based on the following observations. The random coil state of a polypeptide chain with N residues is expected to be R U g ∼ a R N 0.6 with a R ≈ 2.0Å. This estimate is likely to be an upper bound because even 8M urea is not a good solvent because even at these elevated concentrations the unfolded state has residual structure. As the denaturant concentration decreases the maximum decrease in R g is likely to have a lower bound a D N 0.5 .
It cannot be maximally compact because if it were so then enthalpic interactions would drive these structures to the folded state for which R g ≈ a N N 1/3 with a N =3.0Å ? . Thus, we surmise Laser optical tweezer experiments are ideally suited to test our prediction.
Structures of the TSEs:
It is interesting to compare the structures of TSE1 and TSE2 obtained in this work with those reported earlier 29 . The structure of TSE1 ( Figure 5 ) show interactions involving β 2 , β 3 , and formation of the two helices. This is in sharp contrast to the conclusion in 29 suggesting that in TSE1 β strands 1 − 6 − 4 are structured whereas the other secondary structural elements are essentially disordered. Although the agreement between the predicted structures in our work and those reported in 29 in TSE2 is better in that we find that it is native-like, there are crucial differences as well. In particular, the lack of stabilizing interactions involving β 1 and β 6 found in our simulations disagrees with the inferences drawn from the all atom molecular dynamics simulations using measured Φ values as constraints 29 .
The differences are likely to be related to the completely different approaches used in the two studies. In 29 the measured Φ values were used as constraints in standard all atom molecular dynamics simulations, which use inaccurate force fields. The procedure, while interesting, is not systematic in the sense the accumulation of errors both from the Φ values as well as the MD simulations is nearly impossible to quantify. More importantly, the putative TSE structures
were not used to obtain the P f old values in the earlier study 29 , which casts doubt on whether the identified TSEs accurately represent the actual TSEs. We believe additional experiments, including perhaps double mutant cycles, would be needed to ascertain the nature of the TSEs in PDZ2.
Concluding Remarks:
We have used a phenomenological theory based on the MTM to simulate the folding of PDZ2 domain as function of temperature and urea. In addition to providing support to the folding mechanism discovered in experiments 27 we have made a few testable predictions. Figure Captions 
